A proper understanding of the material characteristics is crucial to successful applications of high T c superconductors. Besides delineating the fundamental limits for applications, quantitative knowledge of material parameters is essential for device design. Since the dynamic response of vortices is an essential ingredient of many applications, knowledge of the fundamental vortex parameters-such as the vortex viscosity , the vortex pinning force constant ␣ p , and the crossover frequency f c -is vital.
For microwave applications such as filters, phase shifters, antennas, etc., 1 it is inadequate to merely study the device characteristics alone, for example at high power or in the presence of large magnetic fields, since it is usually difficult to separate the intrinsic material properties from the device response. However, the patterned device structures that are often used have the additional useful feature that they allow us to concentrate microwave fields/currents on the sample in a way that is not usually possible in measurements on unpatterned films. In this work we use one such patterned structure, a multiply-resonant meander line, but employed in a specially developed package, which enables us to study material characteristics via measurements of the complex microwave surface impedance Z s (,T,H) of YBa 2 Cu 3 O 7Ϫ␦ ͑YBCO͒ as a function of frequency ͑ϭ2f͒, temperature ͑T͒, and applied dc magnetic field ͑H͒. At higher microwave powers nonlinear effects can also be observed.
Other experiments, including our own, have examined the microwave surface impedance of YBa 2 Cu 3 O 7Ϫ␦ thin films. [2] [3] [4] [5] Typical experiments usually have access to only part of the information required, choosing to focus on either the resistive or reactive parts, temperature, frequency, and dc or rf field dependencies. Recently, there have been a number of more comprehensive studies. [6] [7] [8] [9] The experiment reported here has some significant advantages in that it can simultaneously probe the temperature and dc field dependence of Z s ϭR s ϩiX s at various discrete frequencies. Only one superconducting film is used, so that the configuration of the static magnetic field is not complicated by demagnetization effects, as can happen in microstrip resonators which utilize ground planes, and in parallel plate resonators. YBa 2 Cu 3 O 7Ϫ␦ films of thickness 4500 Å on 2 in. diam 0.020 in. thick LaAlO 3 substrates were obtained from Conductus, Inc. ͑sputter deposited͒ and Neocera, Inc. ͑pulsed laser vapor deposited͒. A meander line ͑see inset to Fig. 1͒ 0.0125 in. wide and 2.5 in. total length was patterned on one of the 0.600 in. squares cut from the master film, by standard photolithography ͑wet-etching͒. This patterned film was then mounted in a copper package leaving 0.060 inch air gaps above and below the sample and a 0.045 in. ''border'' around the patterned portion of the sample. Microwave energy is coupled in and out from the system by means of two coaxial leads, the position of these leads relative to the sample ͑and, hence, the coupling strength͒ can be varied at all times by a micrometer stage mounted at the top of the cryostat. This is a crucial feature of the design, since it ensures that we are weakly coupled to the self-resonant structure. The microwave transmission amplitude S 21 is then measured using a Hewlett Packard HP8510C Automatic Network Analyzer.
The package is then loaded into a Janis Super Varitemp cryostat where the package temperature can be varied from below 4.2 K to above 300 K. Direct current magnetic fields were applied perpendicular to the sample using a Cryomagnetics 6 T superconducting coil. For a straight line of length L suspended in the same manner one would expect that the resonant frequencies be equally spaced and given simply by f n ϭnc/2Lͱ⑀ eff , where ⑀ eff is the effective dielectric constant of the medium in which the line is embedded. As can be seen from the plot of mode frequency versus mode number in Fig. 1 , the resonances are well represented by the above equation, and yield ⑀ eff ϭ10, which is reasonable, since the LaAlO 3 substrate with ⑀ϭ25 is only present on one side of the meander line. The deviations from linearity occur near the frequency for which the length of an individual arm of the meander line corresponds to a half-wavelength, so that the presence of the bends leads to an interference which most strongly affects those modes near frequencies f ϭnc/2L arm ͱ⑀ eff , i.e., at multiples of 4.66 GHz. For these modes, we are no longer looking at the entire structure, thus these modes will be avoided in the present work. It should be noted that those modes which deviate substantially from the line also deviate from the R s ϰ 2 dependence observed for the other modes, having Q values 2-3 times lower than expected from their neighbors. For a possible application of this kind of interference to microwave antennas see Ref. 10 .
Losses in this system can arise from at least three sources-the superconductor, the normal metal package, and dielectric losses due to the substrate. We have chosen this geometry, because the microwave fields ͑and hence, currents͒ are concentrated for the most part on the sample. The effects due to the package walls are minimized below the cutoff frequency ͑approximately 12.5 GHz͒ above which the package begins to have its own resonances, and at high temperature. In order to obtain the background losses we have measured the transmission through the following: ͑i͒ the empty package, ͑ii͒ the package loaded with a blank LaAlO 3 substrate, and ͑iii͒ the package loaded with a Cu version of the same meander line pattern.
For each of these resonances below 12.5 GHz we measure the resonant frequency f 0 and the quality factor Q, and extract the relevant material parameters. The surface resistance of the film is obtained from R s (T,H)ϭ 0 L G /Q, and the surface reactance from
Here, L G is the geometric inductance of the meander line, in our case 1.01 nH. 11 In what follows we discuss the results for two of the low-lying modes ͑the nϭ3 mode at a frequency of 2.73 GHz for the sputtered film and the nϭ2 mode at 2.00 GHz for the laser ablated film͒.
In order to evaluate the film quality, we first examine the zero field temperature dependence of Z s . The temperature dependence of R s appears to have a fairly ''conventional'' temperature dependence, apart from a slight plateau near 60 K. The surface reactance is well described over the entire temperature range by the now common 1/(1Ϫt 2 ) temperature dependence seen by various groups in thin films, 4 and the results agree with those obtained from experiments using a tunnel diode oscillator at 4 MHz, and those obtained from measurements in a Nb cavity at 10 GHz on unpatterned portions of the original wafer, thus indicating that patterning does not appear to affect the sample characteristics significantly.
If we now keep the sample at a fixed temperature and ramp the magnetic field up to a maximum value ͑6 T͒ and then back down to zero again, we find that R s and X s increase with applied field. On the rather large scale of high magnetic fields used, the hysteresis is minimal, and may need a finer scale to be observed. R s and X s clearly increase linearly with the applied field Fig. 2 dependence of f c is shown in Fig. 3 . Note that f c is always greater than the measurement frequency, confirming that we are in a pinning-dominated regime.
The result for f c is then substituted into Eq. ͑1͒ to yield ␣ p and . The temperature dependence of these three quantities is shown in Fig. 3 The flux viscosity directly determines the power absorbed due to vortex motion. In Fig. 3 imply a relatively temperature independent v,n (T) at low T. The magnitudes ͑for the laser ablated films studied here͒ are consistent with a low-temperature normal state resistivity of 92Ϯ16 ⍀ cm. It should be noted that this resistivity is not related to the temperature dependent background losses of the device as it has been determined only from the field induced changes in Z s . For thin-film devices such as the one we employ here even small fields with a component perpendicular to the plane of the sample will enter the superconductor and hence can affect the device performance. At low frequencies the presence of these vortices will have only a small effect, the ''depinning'' frequency f c sets an upper bound to the frequencies for which the effects of these vortices on R s ͑or the losses in the superconductor͒ is small. Of course this also has severe implications for any broadband devices that may need to operate both above and below f c .
These experiments provide a sensitive probe of vortex dynamics at microwave frequencies in patterned YBa 2 Cu 3 O 7Ϫ␦ thin films. The parameters obtained from these measurements, viz., , ␣ p , and f c are important microscopic parameters whose knowledge is useful for both microwave and other applications. The relevance of these parameters to nonlinear response at high rf power will be discussed elsewhere. (t)ϭ(0)(1Ϫt
